Experimentally induced fetal androgen excess induces polycystic ovary syndrome-like traits in adult female rhesus monkeys (Macaca mulatta). Developmental changes leading to this endocrinopathy are not known. We therefore studied 15 timemated, gravid female rhesus monkeys with known female fetuses. Nine dams received daily s.c. injections of 15 mg of testosterone propionate (TP), and six received injections of oil vehicle (control) from 40 through 80 days of gestation (term, 165 days; range, 610 days). All fetuses were delivered by cesarean section using established methods at term. Ultrasoundguided fetal blood sample collection and peripheral venous sample collection of dams and subsequent infants enabled determination of circulating levels of steroid hormones, LH and FSH. The TP injections elevated serum testosterone and androstenedione levels in the dams and prenatally androgenized (PA) fetuses. After cessation of TP injections, testosterone levels returned to values within the reference range for animals in these age groups, whereas serum androstenedione levels in PA infants were elevated. The TP injections did not increase estrogen levels in the dams or the PA fetuses or infants, yet conjugated estrogen levels were elevated in the TP-injected dams. Serum levels of LH and FSH were elevated in lategestation PA fetuses, and LH levels were elevated in PA infants. These studies suggest that experimentally induced fetal androgen excess increases gonadotropin secretion in PA female fetuses and infants and elevates endogenous androgen levels in PA infants. Thus, in this nonhuman primate model, differential programming of the fetal hypothalamo-pituitary unit with concomitant hyperandrogenism provides evidence to suggest developmental origins of LH and androgen excess in adulthood.
INTRODUCTION
Experimental induction of androgen excess in female rhesus monkeys (Macaca mulatta) during early or late gestation has been shown to reprogram reproductive and metabolic physiology, resulting in polycystic ovary syndrome (PCOS) in adulthood [1] . Such adult, prenatally androgenized (PA) female rhesus monkeys have been documented to exhibit intermittent or absent menstrual cycles [1, 2] , ovarian hyperandrogenism [1, 3] , and polycystic ovarian morphology [4] , all traits that confer the diagnosis of PCOS by either National Institutes of Health [5] or Rotterdam [6] criteria or currently proposed amendments [7, 8] . Comparable to the situation in many women with PCOS [7, 9, 10, 11] , profound metabolic dysfunction has been shown to accompany the reproductive disorders of PA female rhesus monkeys [1] .
Also, similar to many women with PCOS, PA female monkeys exposed to androgen excess during early gestation exhibit LH excess and increased LH responsiveness to exogenous GnRH (for monkeys, see [1, 12] ; for women with PCOS, see [13, 14] ), suggestive of enhanced hypothalamic GnRH release and/or increased pituitary sensitivity to GnRH. Diminished sex-steroid negative feedback on LH release is found in PA female monkeys exposed in early or late gestation [1, 15, 16] and in women with PCOS [17, 18] , and this may explain the increased pulsatile LH secretion observed in both species (for women with PCOS, see [19] ; for PA monkeys, Levine and Abbott, unpublished data). Conversely, circulating FSH levels have been reported to be low to normal in both PA female monkeys [12, 20] and in women with PCOS [14, 21] , thereby elevating the serum LH:FSH ratio. It has been proposed that LH hypersecretion in PCOS may originate during adolescence, initially caused by hyperandrogenism and then, potentially, contributing to peripubertal hyperandrogenism (as in some adolescents with PCOS [22, 23] ). Such neuroendocrine dysfunction, however, may originate in utero from androgen/estrogen-induced changes in the fetal hypothalamo-pituitary axis [4, [24] [25] [26] [27] before any subsequent peripubertal dysfunction.
Based on previous studies that have shown the importance of the rhesus monkey model of fetal androgen excess and its application to understanding the mechanisms associated with PCOS [1] [2] [3] [4] 28] , the present study was designed to examine whether androgen excess in early gestation during a defined window of development hormonally differentiates LH hypersecretion in PA female rhesus monkeys during fetal life and in early infancy and, if so, whether it is accompanied by endogenous hyperandrogenism during this period of development. Prenatally androgenized monkeys exposed during early gestation were chosen for the present study because adult female monkeys exposed to such fetal manipulation express LH dysfunction (increased basal levels, increased LH response to GnRH, and decreased sensitivity to sex-steroid negative feedback [1, 15, 16] ) more clearly than female adults exposed during late gestation. The overall intent was to determine whether androgen-induced reprogramming of the nonhuman primate fetal hypothalamo-pituitary-gonadal axis occurs in the early ontogeny of reproductive endocrine traits found in women with PCOS. Such excessive LH stimulation of the immature ovary could, potentially, contribute to the peripubertal onset of reproductive dysfunction found in women with hyperandrogenic disorders, including those with PCOS [27] .
MATERIALS AND METHODS

Animals
All animal procedures conformed to the requirements of the Animal Welfare Act, and protocols were approved before implementation by the Institutional Animal Care and Use Committee at the University of California, Davis. Normally cycling, adult female rhesus monkeys (M. mulatta), housed at the California National Primate Research Center (CNPRC), with a history of previous pregnancy were time-mated and identified as pregnant using established methods [29] . Pregnancy in rhesus monkeys typically is divided into trimesters by 55-day increments, with 0-55 days of gestation representing the first trimester, 56-110 days of gestation representing the second trimester, and 111-165 days of gestation representing the third trimester (term, 165 days; range, 610 days) [30] .
Experimental Design
At approximately 30 days of gestation, an approximate 2-ml blood sample was collected from a peripheral vein to identify female embryos using established PCR-based assays to demonstrate the absence of Y-chromosomal DNA in maternal blood [31] . At 40 days of gestation, 15 dams with confirmed female embryos were assigned on a rotational basis to receive consecutive daily s.c. injections of either 15 mg of testosterone propionate (TP) in 100-200 ll of sesame oil (n ¼ 9 TP-injected dams) or sesame oil alone (n ¼ 6 oil-injected dams), with the last day of treatment occurring at 80 days of gestation (early second trimester). Treatment assignments also were balanced so that the two groups of dams were similar with regard to preconception age (TP-injected dams, 11.2 6 1.5 yr [mean 6 SEM]; oil-injected controls, 8.4 6 2.0 yr) and body weight (TP-injected dams, 7.0 6 0.4 kg; oil-injected controls, 6.8 6 0.5 kg). Once assigned to the present study, dams were monitored sonographically under ketamine (10 mg/kg i.m.) every 7-10 days during gestation using standard protocols to assess fetal growth and development using established growth charts for this species [29] .
This early gestation exposure of female monkeys to TP-mediated androgen excess has been shown to result in a hyperandrogenic prenatal environment, equivalent to that found in males during early gestation [32] , and occurs in a gestational time period when multiple fetal organ systems, including those involved in reproduction and metabolism, are undergoing development [1] . Elevating fetal female testosterone levels into the fetal male range provides a physiologically relevant test of our hypothesis for fetal androgen excess programming of PCOS, because in humans, congenital virilization of female fetuses commonly programs neuroendocrine and metabolic features of PCOS, leading to an increased incidence of PCOS (25-50% in classical congenital adrenal hyperplasia [27] ) compared to that found in nonvirilized women (6-7% PCOS [33] [34] [35] ). Moreover, 40% of human fetal females have unbound (i.e., free) testosterone values during the early to mid-second trimester that are equivalent to those in normal human fetal males [36] , indicating that our use of testosterone levels in the present study equivalent to those of fetal males provides a relevant physiological challenge. The TP dose used in the present study also is within the range of 5-15 mg TP/day used previously for PA female rhesus monkeys with PCOS-like traits in adulthood [1, 2] . This TP dose successfully overcomes the primate placenta's robust ability to aromatize and inactivate androgens, which is considerably greater than that of the placenta in nonprimate species, such as rats [37] and sheep [38] . Sonographic studies were performed under ketamine, as noted above, during gestation, and newborns were then delivered by cesarean section at term (160 days of gestation; range, 62 days) using standard protocols [29] . Cesarean section was employed to provide a relatively consistent gestational length and to avoid complications associated with spontaneous delivery. Prenatally, all PA female fetuses displayed virilized external genitalia when examined sonographically, and this was confirmed grossly at the time of delivery, thus providing an effective biomarker for the effectiveness of androgen excess during early gestation. Newborns were placed in incubators after delivery and were reared in a nursery using established protocols [29] . At 2 mo of age, infants were given an i.v. overdose of pentobarbital (60 mg/kg) for tissue procurement.
Blood Sample Collection
Fetal blood samples (1-3 ml) were collected by ultrasound-guided cardiocentesis using established protocols [39] at defined time points, as described below. Peripheral blood samples also were collected from the dams (3-10 ml) and infants (;3 ml) at defined time points (see below). All blood samples from all age groups were collected between 0700 and 0900 h, as shown in Figure 1 . When multiple maternal or fetal blood samples were collected (80, 120 , and 140 days of gestation), dams were sedated with an i.m. injection of Telazol (5-8 mg/kg; Wyeth, Madison, WI). Infants were handheld by experienced personnel and not sedated for blood sampling. These wellestablished blood sampling techniques provided unique insights regarding the simultaneous progression of fetal and maternal reproductive hormone levels within the same individual nonhuman primates during gestation and without surgical intervention or the need for instrumentation.
Fetal GnRH Tests
To assess pituitary gonadotropin responsiveness to exogenous GnRH in fetal PA female monkeys, an i.v. bolus injection of 5 lg of GnRH (;15-20 lg/ kg) was administered in 0.1 ml of sterile saline at approximately 0700 h at 120 days of gestation (third trimester) under ultrasound guidance via the fetal circulation (Fig. 1) . Fetal blood samples were collected by ultrasound-guided cardiocentesis immediately before (0 min) and at 10, 20, 30 [43] ) of exogenous GnRH are employed (LH release occurred in only three of seven female infant controls and in none of six female infant PA monkeys [43] ). As in that previous study [43] , we noted the number of females showing an increase of more than 50% in serum bioactive LH (bio-LH) levels following a GnRH injection.
Infant GnRH Tests
A similar assessment of pituitary gonadotropin responsiveness to exogenous GnRH was performed in infant PA female monkeys. The GnRH was injected via a peripheral vessel, and then blood samples were collected in handheld, unanesthetized animals from a femoral vein. For infants, GnRH tests were administered during both morning (;0700 h) and evening (;2100 h) hours on different days to detect any diurnal changes in pituitary gonadotropin responsiveness (Fig. 1) . The morning GnRH test was administered on Postnatal Day 30, when an i.v. GnRH bolus (20 lg, ;25 lg/kg) was given in 0.4 ml of sterile saline. Blood samples were obtained postinjection before (0 min) and at 10, 20, 30, and 40 min after the GnRH injection. The evening GnRH test was administered on Postnatal Day 37 using an identical injection and blood sample collection protocol.
Steroid Hormone Assay Procedures
All hormones were assayed in the Assay Services Laboratories of the Wisconsin National Primate Research Center (WNPRC) [12, 44, 45] . All FETAL PROGRAMMING OF ANDROGEN AND LH EXCESS steroid hormones used as reference preparations in standard curves were obtained from Steraloids. Serum steroid hormone concentrations in all samples, except those used for conjugated estrogen determinations, were analyzed with an Agilent 1100 liquid chromatograph/mass spectrometer (LCMS) equipped with an electrospray ionization source and Chemstation software (Ver A 10.02). The LCMS methods were validated using U.S. Food and Drug Administration protocols (Guidance for Industry Bioanalytical Method Validation, May 2001) and adapted from those described previously for humans [46] .
Using positive-ion identification for testosterone (m/z 289.2) and androstenedione (m/z 286.8), the LCMS standard curve for testosterone ranged from 0 to 80 ng/ml, and that for androstenedione ranged from 0 to 2 ng/ml. The calibration plots over 3 days for testosterone and androstenedione showed, respectively, slopes of 0.91 and 1.67, intercepts of 0.0008 and 0.003, and regression coefficients of 0.999 and 0.991. Relevant characteristics for LCMS determination of both testosterone and androstenedione values are presented in Table 1 . For sample preparation, 100-ll aliquots from individual serum samples or quality-control rhesus monkey serum pools were placed into 13 3 100 mm borosilicate glass culture tubes, and to each of these, 500 ll of 18.2 MX-cm filtered (distilled and ultraviolet light-purified) water were added, as were 20 ll of both d 5 -testosterone (m/z 294.2; CDN Isotopes) and d 7 -androstenedione solutions (m/z 293.8) at 100 pg/ll of each (in ethanol; Sigma). The deuterated androgens were added as internal standards to monitor recovery. Each standard, pool, or individual sample was then extracted with 2 ml of diethyl ether (Fisher), and the separated solvent fraction was evaporated and reconstituted in 20 ll of water:acetonitrile (1:1, v/v; EMD Chemicals), from which 4 ll (20%) were injected onto a Phenomenex Synergi Max-RP 150 3 1.0 mm column with 4-lm particles at 80 A. All solvents used were HPLC grade. Mobile phase A comprised water/acetonitrile (95%/5%) with 0.01% formic acid, whereas mobile phase B comprised acetonitrile/water (95%/5%) with 0.01% formic acid. Before injecting each sample, the LCMS column was equilibrated for 10 min at 150 ll/min with 60% mobile phase B and 40% mobile phase A, and the column was maintained at 358C. Serial dilutions of rhesus monkey serum (100-400 ll) yielded testosterone and androstenedione values parallel to the LCMS standards, and regression analyses favorably compared LCMS determinations to those made by our previously validated methods (enzyme immunoassay [EIA] for testosterone and RIA for androstenedione) [44] (Table 1 ). The only major difference in LCMS-determined compared to EIA-or RIA-determined serum androgen values was reflected in the consistent, but reliable, lower serum values generated by LCMS (Table 1 ).
For estrogen determinations by LCMS, we derivatized estradiol and estrone with dansyl chloride to improve ionization efficiency and LCMS sensitivity, as described previously [47] . Standards, pools, and individual samples were prepared similarly to those for androgens except that 20 ll of ethanol solutions of both d 5 -estradiol dansyl (m/z 511.4, 2 pg/ll) and d 4 -estrone dansyl (m/z 504.4, 4 pg/ll) were added as internal standards to monitor recovery. We then extracted each standard, pool, or individual sample as described for androgens but reconstituted in 100 ll of ethanol, which was vortexed briefly before adding 500 ll of 18.2 MX-cm filtered water with 2 ml of dichloromethane and vortexing again for 1 min. The organic layer was removed, evaporated to dryness, and reconstituted with 20 ll of 100 mM sodium bicarbonate (adjusted to pH 10.5 with 1 M sodium hydroxide). The mixture was vortexed for 1 min before addition of 20 ll of dansyl chloride (1 mg/ml in acetone) and incubation at 338C for 2.5 min. Twenty microliters (50%) of the derivatized estrogen solution were then injected onto the LCMS column.
Using positive-ion identification for estradiol dansyl (m/z 506.4) and estrone dansyl (m/z 504.4), the standard curves for both estrogens were 0-40 pg/ml. The calibration plots over 3 days for estradiol dansyl and estrone dansyl showed, respectively, slopes of 0.63 and 1.16, intercepts of 0.009 and 0.008, and regression coefficients of 0.926 and 0.927. Relevant characteristics for LCMS determination of both estradiol and estrone are presented in Table 1 . Equilibration procedures and mobile-phase dynamics similar to those used for LCMS androgen determinations were employed. Serial dilutions of rhesus monkey serum (50-400 ll) yielded estradiol and estrone values parallel to the LCMS standards, and regression analyses favorably compared LCMS determinations to those made using our previously validated methods (RIA) [12, 44] (Table 1) . Whereas LCMS determined values were highly correlated with those from our established assays, they were consistently, but reliably, either lower than those produced by our previously established methods (estradiol RIA) or higher than those produced by previous methods (estrone RIA) ( Table 1) .
Estrogen Conjugate Determinations
Because nonhuman primates exhibit extensive conjugation of estrogens in the liver, placenta, and other organs during the process of bio-inactivation and excretion of these steroids [48, 49] , we employed sequential enzyme hydrolysis and acid solvolysis to maternal serum samples to quantify total conjugate concentrations for both estradiol and estrone [50] that better reflect total FIG. 1. Diagrammatic representation of the experimental design, illustrating days of maternal s.c. injections (15 mg of TP, n ¼ 9; oil, control n ¼ 6) during 40-80 days of gestation; days of blood sample collection in dams, fetuses, and infants; timing of cesarean section delivery; and fetal and infant GnRH tests. 156 estrogen in the circulation. Serum estriol concentrations were not determined, because this estrogen is present only at very low levels in rhesus monkey pregnancies [51] . The remaining sample volumes from fetuses and infants were insufficient to assess estrogen conjugate levels in their serum. All fractions of deconjugated estrogens were resuspended in celite chromatography solvents, and the estrogens were separated through celite column chromatography and assayed by RIA, as described previously [44] . Intraassay coefficients of variation for quality control (QC) values for the single RIAs performed were 5.8% for estradiol and 7.3% of estrone.
Gonadotropin Assay Procedures
Serum bio-LH and immunoactive FSH were determined by mouse Leydig cell bioassay and RIA using the reference preparations of recombinant cynomolgus monkey LH (AFP-6936A) and recombinant cynomolgus monkey FSH (AFP-6940A), respectively, obtained from Dr. Parlow at the National Hormone and Peptide Program [12] . Intra-and interassay coefficients of variation for QC values were as follows: bio-LH, 10.8% and 17.7%, respectively; FSH, 4.6% and 10.9%, respectively. Whereas the mouse Leydig cell bioassay cannot distinguish between bio-LH and bioactive chorionic gonadotropin (bio-CG), rhesus placentae secrete little or no bio-CG by 40 days of gestation [51] [52] [53] . Thus, little likelihood exists of placental bio-CG contributing to fetal bio-LH levels at 80-120 days of gestation.
Statistical Analysis
All hormonal data were tested for normality using a Lilliefors test (twosided) and were log transformed to achieve homogeneity of variance and to increase linearity [54] . All hormonal variables were analyzed using separate two-way ANOVAs (with repeated-measures designs as appropriate) for dams, fetuses, and infants (the latter two sets of ANOVAs reflect distinctly different developmental stages and hormone parameter values within the same individuals), with fetal androgen exposure and time as independent variables. When significant (P , 0.05) statistical interactions were identified by ANOVA, appropriate post hoc analyses (with Bonferroni correction) were performed on the variables (Systat, Ver 5.2; Macintosh). The extreme studentized deviate outlier test (one-sided) [55] identified one control female fetus as an outlier (P , 0.01) for bio-LH values when compared to all other study fetuses combined. The data from this control female thus were excluded from analyses for bio-LH and FSH. All log-transformed parameters are expressed as the antilog of the transformed mean (95% confidence limit) except for fetal and infant bio-LH data when individual values are shown instead of the 95% confidence limit. All other data are shown as the mean 6 SEM.
RESULTS
Newborn Weight and Appearance of PA Infants
Immediately following cesarean section at term, the newborn weights of PA female infants (0.44 6 0.16 kg) did not differ from those of female controls (0.46 6 0.20 kg). The external genitalia of PA female infants were virilized as anticipated, exhibiting an empty scrotum and a preputial opening housing an immature phallus, which is a typical phenotypic marker of androgen excess during early gestation indicating sufficient testosterone treatment provided at an appropriate gestational age.
Experimentally Induced Changes in Circulating Androgen Concentrations
The TP injections induced an approximately 110-fold increase (P , 0.001) in maternal serum testosterone levels, with a considerably smaller increase (;11-fold, P , 0.001) in fetal levels (fetal androgen exposure 3 time interaction, P , 0.001) (Fig. 2) . The increases in maternal and fetal testosterone levels were restricted to the duration of daily TP injections. Circulating testosterone levels were otherwise similar in both treatment groups of dams, fetuses, and infants.
Serum androstenedione changes following TP injection mostly paralleled those of serum testosterone except that the 
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157 magnitude of the serum androstenedione increase was less than that of serum testosterone, being comparable in both dams (;4-5-fold, P , 0.001 vs. controls) and fetuses (;3-fold, P , 0.001 vs. controls; fetal androgen exposure 3 time interaction, P , 0.001) (Fig. 3) . In contrast to serum testosterone concentrations, serum androstenedione levels in young PA infants were elevated (fetal androgen exposure effect, P , 0.019) to approximately 50%-100% above those values normally found in infant controls between Postnatal Days 1 and 30. Serum androstenedione levels also exhibited temporal changes across gestation and early infancy. In both female groups, maternal serum androstenedione levels rose progressively (time effect, P , 0.001) as gestation progressed, whereas serum androstenedione levels declined (time effect, P , 0.03) in early infancy (Fig. 3) .
Experimentally Induced Changes in Circulating Estrogen and Progesterone Concentrations
Unlike the case with circulating androgen levels, TP injections did not elevate serum estradiol or estrone levels in dams, fetuses, or infants (Figs. 4 and 5) . Nevertheless, maternal circulating levels of total conjugated estrogen were elevated (P , 0.03) by TP injections when measured at 80 days of gestation (TP-injected dams, 3.1 [2.1, 4.7] ng/ml; controls, 1.3 [0.8, 2.1] ng/ml). In TP-injected dams, serum estrone levels were lower (fetal androgen exposure effect, P , 0.036) during gestation (Fig. 5) . No between-group differences, however, were found regarding temporal changes in fetuses across gestation and in early infancy for serum estradiol and estrone levels. Maternal estrone levels rose steadily (time effect, P , 0.001) during gestation in both female groups (Fig. 5) , whereas maternal estradiol levels reached a plateau by midgestation (Fig. 4) . During infancy, circulating levels of both estrogens declined precipitously (time effect, P , 0.01) between Postnatal Days 1 and 30.
Maternal serum progesterone levels did not differ between TP-injected and control females across gestation (40-160 days of gestation), averaging 3.8 (3.4, 4.2) and 3.3 (2.3, 4.3) ng/ml, respectively.
Experimentally Induced Changes in Circulating Bio-LH and FSH Levels in Fetuses and Infants
As expected for rhesus monkey dams, most serum bio-LH values in both female groups were equal to or less than the bioassay sensitivity limit of 0.06 ng/ml from 40 to 160 days of gestation (data not shown).
In fetal subjects, serum bio-LH levels in controls remained relatively constant between 80 and 120 days of gestation (difference in bio-LH levels: between 80 and 100 days of gestation, þ0.8 6 0.8 ng/ml; between 100 and 120 days of gestation, À0.3 6 0.9 ng/ml), whereas bio-LH levels in fetal PA monkeys consistently increased across the same gestational ages (fetal androgen exposure 3 time interaction, P , 0.001; difference in bio-LH levels in PA monkeys: between 80 and 100 days of gestation, þ2.0 6 0.6 ng/ml; between 100 and 120 days of gestation, þ2.7 6 0.7 ng/ml) (Fig. 6) . In 80-daygestation (second-trimester) PA fetuses, maternal TP injections reduced (P , 0.001) fetal circulating bio-LH levels to approximately 10% of those found in oil-injected controls. Following cessation of TP injections, bio-LH levels in all PA female fetuses increased to values comparable to those of controls after 20 days (i.e., 100 days of gestation) and then (Fig. 6) . No relationships between PA monkey maternal and fetal testosterone levels at 80 days of gestation and those of fetal bio-LH on 100 and 120 days of gestation were obvious.
During the fetal GnRH test administered on Day 120 of gestation, serum bio-LH levels were elevated (fetal androgen exposure effect, P , 0.05) in PA females compared to control females (Fig. 7) , resulting in increased (P , 0.048) area-underthe-curve bio-LH values in PA females (PA, 2.4 [1.6, 3.4] ng ml À1 min
À1
; control: 1.2 [0.7, 2.0] ng ml À1 min
). The absolute increase in the GnRH-induced increase in serum bio-LH levels, however, paralleled that in controls (time effect, P , 0.003) and exceeded baseline values by 30 min (P , 0.03) in both female groups. Four of five controls exhibited GnRH-induced increases in bio-LH levels that exceeded baseline values by more than 50%, whereas only five of nine PA fetuses showed a similar increase in bio-LH. Additionally, serum FSH levels were elevated (fetal androgen exposure effect, P , 0.05) in PA fetuses during the GnRH test, whereas fetal FSH levels in both female groups were unresponsive to the exogenous GnRH stimulus (no female fetus exhibited an increase in FSH levels exceeding 50% of its baseline value) (Fig. 7) .
In newborn PA infants, serum bio-LH values remained elevated for the first 30 postnatal days (P , 0.019) (Fig. 6) . A decline (P , 0.03) in overall bio-LH levels occurred during this time, but no significant (P , 0.074) interaction of fetal androgen exposure with time was observed. Thus, on Postnatal Day 1, seven of nine androgenized female bio-LH values exceeded the control range, whereas only two of nine PA female bio-LH levels exceeded those of controls by Postnatal Day 30. Morning and evening infant GnRH tests elicited no female group differences in bio-LH responsiveness to GnRH (Fig. 7) , but all infants showed an increase of more than 50% in bio-LH levels following each GnRH injection. During the morning GnRH test, serum bio-LH levels in PA infants, however, progressively increased until 30 min following GnRH injection. The bio-LH levels in controls, however, failed to do so after 10 min (fetal androgen exposure 3 time interaction, P , 0.008), but area-under-the-curve bio-LH values were similar in PA (1.0 [0.6, 1.6] ng ml À1 min À1 ) and control (1.3 [0.7, 2.3] ng ml À1 min À1 ) infants. Insufficient 
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sample volumes remained to obtain meaningful infant serum FSH values.
DISCUSSION
Elevated circulating LH levels and rapid, pulsatile LH release are hypothalamo-pituitary hallmarks of adult PA female rhesus monkeys, women exposed to androgen excess during early gestation [1, 19, 24] , and women with PCOS [19, 22] . It has been proposed that pre-or perinatal androgen excess [2, 4, [23] [24] [25] [26] , peripubertal hyperandrogenism [22, 23] , or excessive and prolonged adult ovarian production of estrogen from androstenedione [56] may contribute to the persistently rapid GnRH pulse frequency in women with PCOS via impaired hypothalamic feedback inhibition. Such LH excess in women with PCOS contributes to ovarian hyperandrogenism in adulthood [22, 57; but see 58] . The present evidence of fetal and infant LH excess in a nonhuman primate model of PCOS is consistent with early life programming of neuroendocrine dysfunction that will manifest as postpubertal LH hypersecretion [1, 2] in a manner resembling that of PCOS in women.
Hypothalamo-pituitary changes seen in fetal PA female rhesus monkeys resemble those normally observed in fetal males [59] , suggesting some degree of masculinized hypothalamo-pituitary function in PA females. Midgestational circulating testosterone levels in normal fetal male monkeys mostly exceed those in normal fetal females [60] , but LH levels of such fetal males usually are lower than those of respective fetal females [61] . This sexually dimorphic LH differential probably represents testicular testosterone-mediated negative feedback at the hypothalamic level in fetal males [62] . Our present findings in PA females emulate this LH differential: Specifically, fetal PA females, when exposed to testosterone levels typical of those seen in the lower range of normal fetal males, have low circulating bio-LH levels compared with normal female controls at 80 days of gestation (second trimester). In fetal males and PA females alike, such LH suppression may represent testosterone-mediated changes in hypothalamic regulation of LH secretion [62] , altered either directly via androgen receptors [63, 64] or indirectly via estrogen receptors, through target tissue aromatization of exogenous testosterone [65, 66] .
Such an explanation is further supported by increases in circulating LH levels observed in fetal male, but not in fetal female, monkeys following gonadectomy at 100 days of gestation [59] that are prevented by testosterone replacement at the time of gonadectomy [67] . Corresponding with fetal androgen programming of the hypothalamo-pituitary unit, reduced LH levels in PA female fetuses at 80 days of gestation were followed by a rise in serum bio-LH levels to those of control females by 100 days of gestation (when circulating testosterone levels in PA females decreased to control female values), after which they exceeded control values by 120 days of gestation. The variability of individual serum bio-LH values in both control and PA female fetuses and infants probably reflects the episodic nature of hypothalamic GnRH stimulating episodic release of LH from gonadotropes in the anterior pituitary. The serum LH response of PA females to diminished testosterone exposure closely resembles that exhibited by fetal male rhesus monkeys (at the same gestational age) following gonadectomy at 100 days of gestation [60] , although it remains to be determined whether circulating testosterone levels are equivalent between ovary-intact female and gonadectomized male monkeys at these gestational ages.
Persistence of elevated serum LH levels in newborn, ovaryintact PA female infants confirms an earlier finding of LH excess in infant PA female monkeys exposed to a much lower dose of testosterone during early gestation (weekly i.m. injections of 20 mg of testosterone enanthate given to gravid monkeys [43] ). Male infant rhesus monkeys also exhibit elevated circulating LH levels compared to those of normal infant females [68, 69] . Because the lower dose of androgen in the previous study [43] also masculinized components of infant female monkey behavior [70] without virilizing external genitalia [43] , elevations of fetal female testosterone insufficient to induce genital masculinization nevertheless are sufficient to reprogram sexually dimorphic aspects of hypothalamo-pituitary-gonadal function and behavior. Short-term loss of bio-LH hypersecretion as PA female infants age in both the present and previous [43] studies probably represents the onset of prepubertal quiescence of hypothalamic GnRH release found in immature, gonadally intact or gonadectomized male and female rhesus monkeys [69, 71, 72] . Elevated circulating androstenedione levels in PA female infants probably do not contribute a sufficient additional negative-feedback component to LH suppression [69, 71, 73] .
In concert with LH hypersecretion of female fetal PA monkeys, circulating FSH levels also were elevated in the same monkeys at 120 days of gestation. Concomitant LH and FSH excess likely represents enhanced hypothalamic GnRH stimulation of pituitary function, together with an apparent absence of ovarian hormone negative-feedback regulation. Absence of ovarian feedback may represent an immature stage of ovarian development at this gestational age, because such rhesus monkey ovaries have not yet developed gonadotropin responsiveness or the capacity to secrete estradiol [74] . It is interesting to speculate that subsequent LH excess found in adult PA female monkeys, in the absence of excessive levels of FSH [12, 44] , may represent differential negative feedback on FSH from ovarian hormones, including inhibins [75] .
In addition to gonadotropin excess, hyperandrogenism also was apparent in infant female PA monkeys. It is possible that elevated androstenedione levels in these young infants represent ovarian responses to LH excess, because congenital LH excess can induce prepubertal ovarian hyperandrogenism in humans [76] that may be conditional on sufficient FSH stimulation of the ovary [77, 78] . Alternatively, adult PA female monkeys exhibit adrenal androgen excess [45] , and adrenarche occurs around the time of birth in rhesus monkeys coincident with fetal zone regression [79] well before the conventional prepubertal timing found in great apes and humans [79, 80] . Therefore, the elevated androstenedione levels in PA female infants may indicate an adrenal and/or ovarian endocrine antecedent of adult hyperandrogenism, particularly because the adrenal gland normally contributes to elevated circulating androgen levels in infant male rhesus monkeys [73] .
Apart from transient increases in circulating androgen and conjugated estrogen levels during TP injections, little impact on maternal reproductive hormonal profiles was observed during the affected pregnancies. Circulating levels of progesterone and estradiol were normal in TP-injected dams and comparable to values across gestation reported previously in rhesus monkeys [51, 81] . Not surprisingly, bio-LH or bio-CG levels were low to undetectable in the circulation of all pregnant females in the current study, both because CGB mRNA expression is undetectable in rhesus placentae and cultured rhesus syncytiotrophoblast cells by 28 days of gestation [82] and because rhesus placentae secrete little or no bio-CG following this stage of gestation [51] [52] [53] . The increased levels of conjugated estrogens in the maternal circulation during the time interval of TP injections, however, 160 may indicate alterations in estrogen bio-inactivation and excretion induced by an androgen excess [48, 49] . The biological relevance of diminished elevation in circulating estrone levels in late-gestation, TP-injected dams after TP injections is unclear, because estradiol is the predominant, more bioactive, placental estrogen in rhesus monkeys [51] . It is unlikely that diminished estrone levels alone in TP-injected mothers reflect diminished placental function [83] , because the body weights of PA infants on the day of delivery were similar to those of controls. Furthermore, we observed no obvious fetal growth restriction in PA monkey infants, confirming previous reports [43, 84] , unlike nonprimate PA females that have low birth weight indicative of fetal growth restriction (e.g., rats [85] and sheep [86] ).
Taken together, our experimental findings provide evidence for the developmental progression of bio-LH hypersecretion with endogenous hyperandrogenism in female monkey fetuses or infants exposed to exogenous androgen excess during early gestation, which resembles that found in adult female monkeys, similarly exposed hyperandrogenic women [1, 27] , and many women with PCOS [6] . This further suggests that genetically or environmentally determined differentiation of ovarian function during fetal life may contribute to ovarian hyperandrogenism during mid to late gestation [4] , because ovarian steroidogenesis (e.g., rhesus monkeys [74] and humans [87] ) and steroid receptors (e.g., humans [88] ) exist at this time, when the external genitalia are less responsive to androgen action (e.g., rhesus monkeys: [89] and humans [90] ). Such ovarian hyperandrogenism may, in turn, reprogram the fetal hypothalamo-pituitary-gonadal axis to promote exaggerated pulsatile LH-and, presumably, GnRH-release with puberty in a manner that resembles that of PCOS and other hyperandrogenic conditions.
